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INTRODUCTION 


The  determination  of  crystal  structure  and  texture  has  been  an  important  aspect  of  x-ray 
analysis  since  its  inception.  The  uses  for  texture  information  pervade  every  industrial  material 
application;  from  rolling  fiber  textures  in  steel  and  aluminum  production  in  general 
manufacturing,  to  high-wear  stabilized  coatings  in  the  military,  to  heteroepitaxial  and 
polycrystalline  conducting  film  textures  in  semiconductor  microelectronics  (ref  1).  However,  the 
methods  for  texture  analysis  using  conventional  x-ray  pole  figure  and  6-20,  Bragg-type  analyses 
have  remained  relatively  unchanged  over  the  past  thirty  years. 

Through  the  advancement  of  fast  computer  analysis,  several  promising  two-dimensional 
detection  schemes  (refs  2,3)  now  provide  faster  collection  of  texture  information.  Of  these 
detectors,  the  digital  image  plate  technique  is  seen  to  be  very  effective  at  neutron  Laue  images 
(ref  4),  and  x-ray  synchrotron  crystal  truncation  rod  images  (ref  5).  In  this  report,  we 
demonstrate  that  the  digital  image  plate  technique  can  be  used  as  a  fast  x-ray  imaging  system  for 
the  study  of  film  texture  and  crystal  phase  using  a  conventional,  copper  anode  x-ray  source. 

EXPERIMENTAL  METHOD 

To  make  an  image,  a  europium  ion  trapped  in  a  phosphor  matrix  is  excited  to  a 
metastable  state  by  an  incident  x-ray.  This  excited  state  is  then  harmonically  released  by  a  laser, 
during  a  scanning  process,  to  produce  a  latent  phosphor  image,  that  is  then  transferred  digitally 
to  a  computer  by  a  scanner.  This  phosphor  image  provides  a  dynamic  range  over  seven  orders  of 
magnitude.  Current  scanning  techniques  limit  an  effective  dynamic  range  to  five  orders  of 
magnitude.  This  texture  technique  can  work  equally  well  for  any  of  the  current  or  future  two- 
dimensional  detector  array  schemes.  Flat  plate  geometries  have  been  exploited  to  provide 
compatibility  for  the  planar  limitations  of  competitive  detection  systems. 

Recently,  reflection  high-energy  electron  diffraction  has  been  able  to  provide  surface 
configuration  and  texture  information  by  the  reflection  of  a  wavelength  of  ~0.1-nm  electron 
providing  Bragg  reflections  from  a  film  surface  (ref  6).  This  grazing-incidence  geometry  is 
similar  to  our  current  x-ray  image  plate  system,  so  the  patterns  between  the  two  techniques 
should  be  similar.  Litvinov  and  Clarke  (ref  7)  have  postulated  a  fiber  texture  model  for 
reflection  high-energy  electron  diffraction  patterns.  This  model  has  been  applied  to  our  texture, 
and  the  model  fit  is  presented  for  comparison. 

Tantalum  is  a  high  melting  point  material,  which  has  applications  as  a  refractory  coating 
(ref  8)  and  as  a  diffusion  barrier  in  microelectronics  (ref  9).  In  tantalum  thin-film  formation,  an 
a-,  thermally-stable,  body-centered-cubic  phase  (ref  10)  and  a  p-,  metastable  tetragonal  phase  of 
the  material  may  form  based  on  minute  changes  in  the  deposition  process.  Conventional  pole 
figure  analysis  is  rather  slow,  taking  tens  of  minutes  to  hours  for  a  complete  pole  figure  with 
measurement  speed  depending  on  the  thickness  of  the  film.  The  29  scans,  although  much 
quicker,  and  capable  of  even  faster  measurement  using  a  linear  array  detector,  can  typically 
isolate  phase  information,  but  can  be  inconclusive  about  texture  information.  A  two-dimensional 
detector  can  collect  enough  information  to  provide  both  phase  and  texture  information  in  a  very 
short  time. 
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RESULTS 


In  our  study,  an  cx-phase  tantalum  film  was  imaged  using  an  image  plate  detector,  and 
conventional  texture  analysis  was  performed  to  confirm  plate  results.  The  /-angle  discussed  is 
the  equivalent  of  the  /-angle  used  in  pole  figures.  In  the  plate  geometry,  %  is  the  angle  measured 
from  a  horizontal  line,  drawn  through  the  primary  beam  (region  (a)  in  Figure  1),  and  tilted  up 
and  down  using  the  location  of  the  primary  beam  as  the  (0,0)  coordinate.  One  can  think  of  /- 
rotation  as  pinning  the  plate  primary  beam  and  manually  rotating  the  image.  Figure  1  shows  a 
plate  image  taken  at  a  grazing  x-ray  incident  angle  of  10°  for  three  seconds  on  a  200-nm  sputter- 
deposited  tantalum  film  with  a  silicon  (100)  substrate.  A  conventional  copper  anode  x-ray 
source,  operating  at  40  kV  and  40  mA  was  collimated  using  a  1-mm-round  source  orifice  near 
the  tube  (~24-mm  from  the  source)  and  a  0.5-mm  refining  orifice  located  close  to  the  sample 
(~20-mm  from  the  source).  The  entire  source-to-sample  path  was  286-mm.  The  0.4  x  12-mm  x- 
ray  tube  was  rotated  90°  to  provide  an  approximately  1.2  x  4-ram  point  source. 

The  pattern  of  sharp,  high-intensity,  concentric  streaks,  seen  in  Figure  1,  represents  a 
three-dimensional  picture  of  the  silicon  substrate  reciprocal-space  lattice  collapsed  onto  a  two- 
dimensional  image.  This  information  must  be  separated  from  the  film  information.  The 
symmetric  nature  of  these  streaks  indicates  that  the  silicon  substrate  was  rotated  to  a  principal 
axis  with  respect  to  the  incident  x-ray  beam.  Rotating  the  single  crystal  in  the  pole  figure 
geometry  <|>  direction  (rotating  the  sample  around  an  axis  perpendicular  to  the  surface  normal) 
produces  asymmetric  silicon  patterns. 

The  diffuse  rings  in  the  figure  represent  a  Debye-Scherrer  image  of  the  (110),  (200),  and 
(211)  tantalum  reflection  cones.  The  bright  dot  to  the  left  above  region  (a)  is  the  primary  beam 
intersection  with  the  plate.  The  three  distinct  darker  regions,  labeled  (b),  are  the  tantalum  (110) 
family  of  planes.  The  two  dark  regions,  labeled  (c),  are  from  the  (200)  family  of  planes.  A  third 
set  of  planes,  the  (211),  is  labeled  (d).  The  (1 10)  tantalum  ring  shows  sharp  intensity  at  0°  and 
±60°.  This  corresponds  to  intersection  reflections  at  [1 10]ll(101)  at  /  =  60°,  [1 10]ll(l  10)  at  /  = 
0°,  and  [1 10]ll(01 1)  at  %  =  -60°.  The  (200)  ring  shows  intensity  at  ±45°,  which  gives: 

[1 10]ll(200)  at  /  =  45°  and  [1 10]ll(020)  at  /  =  -45°.  Similarly,  the  (21 1)  reflection  plane 
provides  [1 10]ll(21 1)  at  /  =  30°and  [110311(121)  at  /  =  -30°  and  weak,  second-order  intersections 
of  [1 10]ll(2-l  1)  at  /  =  73°  and  [1 10]ll(-121)  at  %  =  -13°.  These  angles  correspond  to  tabulated 
interplaner  angles  predicted  for  <1 10>  fiber  crystal  structure  (ref  11).  We  see  the  <1 10> 
orientation  and  a-phase  in  three  seconds.  We  can  see  the  /-angle  (crystal  reflection  plane  tilt 
angle  with  respect  to  the  substrate  normal)  from  a  pole  figure  easily,  but  not  the  (p-angle  (crystal 
reflection  plane  rotation  angle  with  respect  to  the  substrate  reference  frame). 

Figure  2  shows  a  model  fit  for  the  <1 10>  fiber  texture.  The  model  assumes  a  fiber 
crystal  structure  orientated  perpendicular  to  the  surface.  The  simulation  can  be  applied  to  any 
fiber  texture  and  can  be  set  to  account  for  fiber  texture  that  is  tilted  from  the  substrate.  We  found 
the  fit  quite  acceptable  for  this  <1 10>  fiber.  The  point  at  region  (a)  corresponds  to  the  long, 
drawn  diffuse  region  (in  Figure  1  directly  above  (a))  that  corresponds  to  the  specular  reflection 
from  the  surface.  Region  (b)  corresponds  to  the  (101),  (1 10),  and  (01 1)  reflection  planes  at  /  = 
60°,  0°,  -60°.  Region  (c)  indicates  reflections  from  (200)  and  (020)  at  /  =  45°,  -45°.  Region  (d) 
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*  exhibits  (2-1 1),  (211),  (121),  (-121)  reflections  at  %  =  73°,  30°,  -30°,  73°,  respectively.  The  units 
on  the  plot  are  in  lattice  parameter  a  values,  0.33-nm  for  tantalum.  This  would  need  to  be  scaled 
to  Figure  1,  and  corrected  for  a  slight  tilt  in  the  plate  image. 

Figure  3a  shows  %  data  from  a  conventional  (110)  plane  pole  figure  for  the  same  sample 
and  compares  these  data  to  Figure  3b,  the  integrated  measurements  of  Figure  1,  measured  at 
different  %  angles — A%  =  5°  from  0°  to  80°.  One  complication  in  our  system  is  that  our  plates 
are  mounted  at  80°  from  the  primary  beam  instead  of  90°.  A  cosine  correction  had  to  be  applied 
to  image  angles  to  compare  them  directly.  Another  complication  is  that  pole  figures,  due  to  the 
nature  of  tilting  the  substrate  during  a  scan,  need  to  be  corrected  for  defocusing  errors.  The  plate 
method  is  free  from  this  problem.  Both  sets  of  data  are  shown  uncorrected  to  show  the 
difference  in  intensities  that  is  caused  by  defocusing  in  the  pole  figure.  Region  1  in  Figures  3a 
and  3b  corresponds  to  the  primary  intersection  reflection  [1 10]ll(l  10).  Region  2,  located  around 
60°,  corresponds  to  a  mixed  distribution  of  (101)  and  (01 1)  intersections  characteristic  of  a 
<1 10>  fiber  texture. 

To  confirm  the  previous  interpretations  of  data,  conventional  pole  figure  analysis  was 
performed  on  the  sample  used  in  Figure  1.  The  (1 10),  (200),  and  (21 1)  pole  figures  were 
analyzed  using  the  same  copper  x-ray  source.  A  2°  x  2°  tilt  and  rotation  increment  was  chosen 
with  a  three-second  collection  time  at  each  point.  Due  to  the  presence  of  high-intensity  silicon 
substrate  peaks,  no  background  collection  was  performed  and  no  correction  tables  were  applied 
to  pole  figures.  Each  pole  figure  analysis  took  approximately  three  hours.  Figure  3c  shows  the 
(110)  pole  figure  for  tantalum  with  a  central  peak  at  0°  and  a  ring  for  [110]  intersecting  (101)  and 
(01 1)  at  60°.  This  (1 10)  pole  figure  shows  a  classic  <1 10>  fiber  texture.  Pole  figures  of  the 
(200)  and  (211)  reflections  showed  similar  <1 10>  fiber  texture  confirmation  and  are  not  shown 
or  discussed  in  detail  in  the  interest  of  brevity.  One  interesting  result  was  found  with  the 
tantalum  (200)  pole  figure  collected  at  55.55°  20.  This  pole  figure  was  overlapping  the  silicon 
(311)  located  at  56.122°,  causing  a  mixture  of  poles  and  fiber  information  that  was  difficult  to 
interpret.  A  distinct  advantage  with  image  plate  information  is  the  ability  to  qualitatively 
recognize  contributions  from  substrates  in  the  pattern.  This  type  of  visual  aid  is  not  available  in 
pole  figures  and  makes  separating  film  data  from  substrate  data  difficult. 

For  complete  confirmation  of  our  texture  and  phase  analysis,  a  grazing-incidence  scan 
with  a  fixed  incidence  angle  of  10°,  Figure  4a,  and  a  conventional  0-20  Bragg  diffraction  scan, 
Figure  4b,  were  performed  on  the  sample  from  Figure  1.  These  scans  were  conducted  using 
copper  radiation  at  40  kV  and  35  mA,  and  took  approximately  30  minutes  per  scan.  Both  scans 
show  the  prominent  (110)  reflection  expected  for  a  <1 10>  fiber  texture.  The  stronger  signal 
intensities  in  the  conventional  scan,  Figure  4b,  show  the  benefits  of  the  Bragg-Brentano  focusing 
geometry.  However,  the  unusually  high  "(211)  tantalum"  peak  in  the  conventional  scan  will 
have  contributions  from  a  close  silicon  substrate  peak.  The  presence  of  a  (002)  p-phase  tantalum 
is  beyond  the  scope  of  this  report  and  will  be  discussed  formally  in  a  future  work. 
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CONCLUSION 


In  conclusion,  the  image  plate  <1 10>  texture  analysis  has  been  confirmed  using 
conventional  pole  figures  and  x-ray  diffraction  scans.  A  model  has  been  shown  to  quickly 
provide  interpretation  of  plate  images  directly.  The  technique  can  also  provide  comparable  %- 
scan  pole  figure  data  without  the  defocusing  errors  present  in  pole  figure  collection  schemes.  In 
summary,  we  show  that  this  imaging  technique  can  provide  quick  analysis  for  fiber  systems  and 
can  provide  texture  and  phase  information  on  the  scale  of  seconds. 
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tantalum  on  silicon  (100)  taken  for  three  seconds. 
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Figure  2.  Simulation  of  the  <1 10>  fiber  texture 
produced  to  compare  with  Figure  1. 
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Figures  3a/b.  Comparison  of  (a)  %  data  from  a  conventional  (110) 
plane  pole  figure  with  (b)  integrated  measurements  of  Figure  1 . 


Figure  3c.  Conventional  (110)  plane  pole  figure  showing  uniform  intensity 
of  texture  in  the  azimuthal,  <|>,  direction  and  §  =  0  data  as  seen  in  Figure  3a. 
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20  in  degrees 


Figure  4.  Results  of  (a)  grazing-incidence  scan  with  a  fixed  incidence  angle  of  10°,  and 
(b)  conventional  0-20  Bragg  diffraction  scan,  performed  on  sample  from  Figure  1. 
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